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Abstract  Cyanide  causes  severe  cardiac  toxicity  resulting 
in  tachycardia,  hypotension,  and  cardiac  arrest;  however,  the 
clinical  diagnosis  can  be  difficult  to  make.  A  clinical  finding 
that  may  precede  or  predict  cyanide-induced  hypotension 
may  be  a  trigger  to  provide  treatment  earlier  and  improve 
outcomes  in  cyanide  toxicity.  Our  primary  objective  was  to 
determine  if  there  is  a  clinically  significant  change  in  ST 
segment  deviation  measured  on  ECG  during  intravenous 
cyanide  infusion  that  may  predict  cyanide-induced  hypoten¬ 
sion.  As  part  of  a  larger  study  comparing  antidotes  for 
cyanide-induced  shock,  30  swine  were  anesthetized  and 
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monitored  and  then  intoxicated  with  a  continuous  cyanide 
infusion  until  severe  hypotension  (50  %  of  baseline  mean 
arterial  pressure)  occurred.  ECGs  were  obtained  at  baseline, 
every  5  min  during  infusion,  and  at  the  development  of  hypo¬ 
tension.  Repeated  measures  of  analysis  of  variance  were  used 
to  determine  significance.  The  mean  weight  for  the  30  swine  at 
baseline  was  48  kg  (range  45-52),  pulse  rate  86  beats/min 
(range  55-121),  and  systolic  blood  pressure  109  mmHg  (range 
90-121).  The  mean  time  to  hypotension  was  31  min  (range 
16-39).  The  mean  amount  of  cyanide  infused  was  5  mg/kg 
(range  2.5-6.3  mg/kg).  All  animals  (30/30)  had  ECG  changes 
in  repolarization  or  depolarization  during  cyanide  infusion. 
Significant  rhythm,  repolarization,  and  conduction  changes 
from  baseline  were  observed  prior  to  severe  hypotension 
(p< 0.05).  Normal  sinus  rhythm  and  sinus  tachycardia  were 
the  most  common  rhythms  preceding  hypotension.  We  ob¬ 
served  ST  segment  elevation  in  leads  V3,  V4,  III,  and  aVF 
and  ST  segment  depression  in  leads  aVL  and  aVR.  The  most 
pronounced  ST  segment  elevation  was  observed  in  leads  V3 
and  V4.  We  also  detected  significant  changes  with  increased 
pulse  rate,  prolonged  PR  interval,  and  shortened  QTc  interval. 
Other  significant  changes  were  increased  T  axis  and  reduced 
QRS  axis.  We  detected  ST  segment  deviations  occurring  just 
before  the  onset  of  cyanide-induced  hypotension  in  our  swine 
model.  Leads  V3  and  V4  had  the  most  pronounced  with  ST 
elevation,  but  we  also  detected  electrocardiographic  ST  eleva¬ 
tion  inferiorly.  Shortening  of  the  QTc  and  lengthening  of  the 
PR  interval  were  also  detected  before  hypotension. 

Keywords  Cyanide  •  Cardiology  •  Toxicology  • 
Electrocardiography  •  Hypotension  •  ST  elevation 

Background 

Cyanide  is  lethal  and  the  most  common  human  exposure 
during  enclosed  structural  fires,  where  cyanide  is  released 
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from  burning  synthetic  polymers  and  natural  materials  [1]. 
Approximately  6,000  people  die  in  building  fires  each  year, 
and  recent  evidence  suggests  that  cyanide  inhalation  likely 
contributes  to  many  of  the  immediate  deaths  [2,  3].  Industrial 
exposure  and  intentional  poisonings  also  occur.  In  addition, 
terrorist  attempts  have  involved  cyanide,  as  it  is  inexpensive, 
lethal,  and  easily  obtained  [1]. 

There  is  no  clear  cyanide  toxidrome;  therefore,  clinicians 
rely  on  history  and  suspicion  to  diagnose  cyanide  toxicity. 
The  diagnosis  may  be  further  obscured  in  critically  ill 
patients  who  cannot  provide  a  history  due  to  altered  mental 
status.  Late  findings  of  toxicity  are  a  triad  of  coma,  hypoten¬ 
sion,  and  severe  acidosis,  followed  by  cardiac  arrest.  Addi¬ 
tional  clinical  findings  or  studies  that  precede  hypotension  or 
predict  it  may  trigger  the  physician  to  provide  treatments 
earlier  and  improve  outcomes  in  cyanide  toxicity. 

Cardiac  dysfunction  during  toxicity  has  been  reported  as 
initial  tachycardia  and  hypertension,  followed  by  progressive 
bradycardia,  atrioventricular  block,  ventricular  dysrhythmias, 
hypotension,  and  finally  cardiac  arrest  [1].  Fortin  et  al  [4] 
described  asystole  and  supraventricular  tachycardia  (SVT)  as 
the  most  common  cardiac  disorders  in  a  retrospective  study  of 
critically  ill  patients  with  suspected  cyanide  toxicity.  However, 
the  authors  did  not  determine  if  the  dysrhythmias  occurred 
before  hypotension  or  arrest,  and  they  did  not  report  other, 
specific  electrocardiographic  interval  measurements.  Since 
electrocardiograms  (ECGs)  and  cardiac  monitoring  are  com¬ 
monly  used  during  the  early  workup  of  a  critically  ill  patient 
and  given  that  cyanide  toxicity  is  a  time-critical  diagnosis,  the 
potential  for  an  earlier  recognition  of  cyanide  toxicity  may  be 
promising  if  the  course  of  cardiac  dysfunction  and  rhythm  can 
be  better  described.  To  our  knowledge,  there  are  no  reported 
experiments  that  analyzed  specific  electrocardiographic 
changes  during  acute,  severe  cyanide  toxicity. 

Objectives 

Our  primary  objective  was  to  determine  if  there  is  a  clinically 
significant  change  in  ST  segment  elevation  or  depression 
measured  on  ECG  during  intravenous  cyanide  infusion  that 
may  predict  cyanide-induced  severe  hypotension.  Our 
secondary  objective  was  to  determine  if  there  are  clinically 
significant  changes  in  other  ECG  measurements,  including 
pulse  rate,  axis,  and  PR  and  QRS  intervals. 

Methods 

We  conducted  a  prospective  study  in  a  swine  model  of 
cyanide  toxicity  as  part  of  a  larger  study,  comparing  anti¬ 
dotes  for  cyanide-induced  shock.  Detailed  methods  of  the 
induction  of  cyanide  toxicity  in  the  model  have  been 


previously  described  [7].  Our  Institutional  Animal  Care 
and  Use  Committee  approved  the  investigation.  Care  and 
handling  of  animals  were  in  accord  with  the  Office  of 
Laboratory  Animal  Welfare  for  ethical  animal  research. 
The  facilities  are  accredited  by  the  Association  for  Assess¬ 
ment  and  Accreditation  of  Laboratory  Animal  Care 
International. 

Thirty  Yorkshire  swine  (, Sus  scrofa)  of  both  sexes  were 
premedicated  with  ketamine  (10  mg/kg),  and  then  general 
anesthesia  was  induced  and  maintained  with  isoflurane.  The 
animals  were  mechanically  ventilated  with  a  volume-limited, 
time-cycled  ventilator  (Fabius  GS  anesthesia  machine; 
Drager- Siemens,  New  York,  NY).  Lead  II  of  the  surface 
ECG  was  monitored  continuously. 

Invasive  hemodynamic  parameters  and  core  temperature 
were  measured  with  a  pulmonary  artery  catheter  and  monitor 
[5].  Aortic  pressure  was  measured  continuously  through  the 
femoral  artery. 

Animals  were  acclimated  for  10  min  before  the  experi¬ 
ment.  A  potassium  cyanide  mixture  (3  %,  normal  saline) 
was  infused  at  0.16  mg/kg/min  until  severe  hypotension 
occurred,  which  we  defined  as  a  50  %  reduction  in  baseline 
mean  arterial  pressure  for  1  min.  In  our  previous  experiments, 
we  found  this  dose  effective  in  causing  severe  hypotension 
and  100  %  lethal  if  untreated,  but  allowing  animals  to  recover 
with  antidotal  treatment  [5]. 

We  obtained  ECGs  at  baseline  and  every  5  min  during 
cyanide  infusion  using  a  ZOLL  M  Series  cardiac  monitor 
and  defibrillator  (Zoll  Medical  Corporation,  Chelmsford, 
MA)  with  12-lead  ECG  acquisition  and  analysis  capability. 
The  monitor’s  embedded  analysis  program  (GE  Medical 
Systems  Information  Technologies  12SL™)  provided  a 
measurements  matrix  for  every  ECG,  which  displayed 
measurements  of  each  electrocardiographic  segment  (e.g., 
QRS,  QTC,  PR,  etc.)  of  each  lead.  Each  ECG  was  also 
reviewed  and  interpreted  by  a  physician.  Poor  quality  ECGs, 
usually  due  to  lead  displacement  or  significant  artifact,  were 
excluded  from  the  analysis.  A  discrepancy  between  the 
computerized  reading  and  one  investigator  (T.M.)  was  rec¬ 
onciled  by  a  second  investigator  (V.B.).  Also  as  part  of  the 
larger  study,  we  measured  additional  lab  values  including 
serum  potassium  concentrations  during  cyanide  infusion. 

A  priori,  we  divided  ECG  abnormalities  into  three  cate¬ 
gories:  rhythm,  repolarization,  and  conduction  [4].  Rhythm 
disorders  included  sinus  tachycardia,  dysrhythmias,  and 
supraventricular  tachycardia.  Repolarization  disorders  in¬ 
cluded  T  wave  abnormalities  (biphasic,  flattened,  or  inverted 
T  waves)  and  ST  elevation  or  depression.  Conduction  dis¬ 
orders  included  bundle  branch  blocks  and  prolonged  QT 
intervals. 

At  severe  hypotension,  animals  were  randomized  to  re¬ 
ceive  either  hydroxocobalamin  or  hydroxylamine  as  an  an¬ 
tidote.  Because  our  study  focus  was  ECG  changes  during 


<£)  Springer 


J.  Med.  Toxicol.  (2012)  8:285  290 


287 


the  period  of  toxicity  leading  to  hypotension  and  not  a 
comparison  of  antidotes,  we  did  not  evaluate  ECG  changes 
after  hypotension  or  during  antidote  administration.  We  also 
did  not  compare  outcomes  of  animals  that  survived  versus 
those  that  lived  through  the  experiment.  All  animals  were 
euthanized  at  the  end  of  the  experiment. 

We  considered  a  30  %  change  from  baseline  clinically 
significant  for  ST  interval  changes  and  a  20  %  change  for  all 
other  parameters.  Differences  among  means  were  tested  by  a 
mixed  effects  repeated  measures  analysis  of  variance.  For 
significant  tests,  two-tailed  t  tests  were  used  to  investigate 
differences  among  measurement  times.  The  Holm’s  method 
was  used  to  correct  the  level  of  significance  for  multiple 
comparisons  [6].  Proportions  of  disorders  among  time  inter¬ 
vals  were  evaluated  using  contingency  tables  employing  the 
chi-square  or  Fisher’s  exact  test  if  expected  frequencies  were 
less  than  five.  Best  estimates  and  95  %  confidence  intervals 
of  the  proportions  were  calculated  using  Faplace’s  method 
and  adjusted  Wald  interval,  respectively.  The  data  were 
evaluated  for  normal  distribution. 

Results 

At  baseline,  the  mean  weight  of  the  swine  was  48  kg  (range 
45-52),  pulse  rate  was  86  beats/min  (range  55-121),  and 
systolic  blood  pressure  was  109  mmHg  (range  90-121).  The 
baseline  serum  potassium  was  3.45  mEq/F  (range  3-3.8). 
Baseline  ECG  abnormalities  were  detected  (Table  1).  All  30 
animals  reached  severe  hypotension  within  40  min  of  cyanide 
infusion  (mean  3 1  min,  range  1 6-39).  The  mean  cyanide  dose 
infused  was  5  mg/kg  (2. 5-6.3  mg/kg).  All  (30/30)  animals 
showed  ECG  changes  prior  to  hypotension.  The  mean  potas¬ 
sium  at  hypotension  was  4.59  mEq/L  (range  3. 4-4. 6).  All 
three  categories  of  disorders  (rhythm,  repolarization,  and  con¬ 
duction)  had  significant  changes  from  baseline  measurements 
(Table  1).  All  animals  had  normal  sinus  rhythm  or  sinus 
tachycardia  until  hypotension. 

We  evaluated  ST  deviations  independently  and  detected 
significant  differences  from  baseline  in  leads  V3,  V4,  III, 
aYL,  aVR,  and  aVF  (Figs.  1  and  2a,  b,  c,  d).  ST  elevation 


Table  1  Comparison  of  proportion  of  ECG  disorders  at  baseline  and 
proportion  during  cyanide  infusion 


Disorder 

type 

Baseline 

(%) 

During 
infusion  (%) 

p  value 

95  %  Cl 

Rhythm 

7 

39 

0.00096 

0.51  0.64 

Repolarization 

15 

41 

0.0082 

0.54  0.67 

Conduction 

11 

3 

0.0413 

0.04  0.10 

ST  deviations 

0 

15 

0.0312 

0.10  0.17 

ECG  electrocardiogram,  Cl  confidence  interval 


occurred  in  leads  V3,  V4,  III,  and  aVF  and  ST  depression 
occurred  in  aVR  and  aVF.  Most  ST  deviations  (80  %) 
occurred  at  25  min  of  infusion,  and  the  greatest  deviations 
occurred  at  30  min  of  infusion.  This  correlates  to  a  mean 
cyanide  dose  of  3.2  mg/kg  at  20  min,  4.0  mg/kg  at  25  min, 
and  4.8  mg/kg  at  30  min. 

In  addition,  we  observed  that  pulse  rate  (p= 0.0003),  QRS 
axis  (p<0.0001),  T  wave  axis  (p= 0.0125),  PR  interval 
(p<0.0001),  and  QTc  interval  (p=0.0004)  were  significantly 
different  from  baseline,  using  RMANOVA  to  analyze  the 
differences  (Table  2).  Because  3 1  min  was  the  mean  time  to 
hypotension,  we  reported  the  differences  in  intervals  from 
baseline  compared  to  30  min  of  cyanide  infusion.  Heart  rate 
increased  immediately  and  was  14  %  greater  than  baseline  at 
30  min.  PR  interval  prolongation  began  at  5  min  and  continued 
through  30  min  and  until  hypotension.  Despite  increased  heat 
rate  at  5  min,  QTc  interval  shortened  throughout  the  course 
until  hypotension.  QRS  interval  was  not  significantly  different. 
ST  depression  in  V2  and  V3  (Fig.  1)  occurred,  but  was  not 
statistically  significant. 

Discussion 

In  our  study,  we  observed  that  clinically  significant  ECG 
changes  occurred  during  acute  cyanide  toxicity.  We  detected 
not  only  ST  segment  changes,  but  also  changes  in  heart  rate, 
QRS  axis,  T  axis,  PR  interval,  and  QTc  interval.  Notably,  all  of 
these  changes  occurred  prior  to  the  onset  of  severe  hypotension. 
Detecting  significant  ECG  changes  early  in  the  clinical  course 
and  prior  to  hypotension  may  be  a  predictor  of  cyanide-induced 
hypotension  and  an  early  marker  for  pending  cardiac  arrest. 
Combined  with  other  clinical  signs,  such  as  hypotension,  coma, 
and  lactic  acidosis,  recognizable  ECG  changes  may  predict 
cardiovascular  collapse  from  cyanide. 

The  more  pronounced  ST  deviations  occurred  in  the 
anterior  leads  of  V3  and  V4,  but  ST  elevation  was  also 
detected  in  leads  aVF  and  III,  with  ST  depression  in  leads 
aVL  and  aVR.  This  group  of  leads  implies  a  global  cardiac 
effect.  The  ST  changes  increased  the  most  at  30  min  of 
cyanide,  after  approximately  4.8  mg/kg  and  approximately 
5  min  before  hypotension. 

Cyanide  inhibits  multiple  enzyme  systems,  most  impor¬ 
tantly,  cytochrome  oxidase  at  cytochrome  a3,  which  is  the  last 
step  in  the  mitochondrial  electron  transport  chain.  This  uncou¬ 
ples  oxidative  phosphorylation  and  disrupts  the  efficient 
aerobic  production  of  ATR  Anaerobic  ATP  production  then 
dominates  through  conversion  of  glucose  to  pyruvate  and 
then  to  lactate.  Systemic  acidosis  is  associated  with  a 
large  rise  in  serum  lactate,  and  more  importantly,  the 
acidosis  is  due  to  the  hydrogen  ion  production  from 
cellular  metabolism  without  the  balancing  process  of  ox¬ 
idative  phosphorylation  [1]. 
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Fig.  1  ST  elevations  and  depressions  observed  during  cyanide  infusion  at  severe  hypotension 


Organ  systems  that  use  large  amounts  of  ATP,  especially, 
cardiac  and  central  nervous  system  tissues,  are  most  affected 
by  the  inhibition  of  aerobic  metabolism.  Postmortem  studies 
have  shown  highest  cyanide  concentrations  in  the  brain  and 
heart  [1].  ATP  deficits  reduce  Na+/K+ATPase  pump  activity, 
shifting  the  Na+/K+ gradient  as  less  potassium  is  pumped 
back  into  cells  during  repolarization.  This  impairment  of 
sodium  and  potassium  could  explain  the  ST  segment  changes. 
This  may  explain  the  common  peaked  T  waves  (increased  T 
axis)  and  rise  in  serum  potassium  we  observed  during  the 
experiment.  QTc  segments  did  shorten  over  the  course  of 
cyanide  infusion.  This  effect  could  partially  be  explained  by 
increased  heart  rate;  however,  the  heart  rate  increased  imme¬ 
diately,  and  the  QTc  length  shortened  over  time.  In  addition, 
the  potassium  increased  over  time  and  may  reduce  the  QTc 
interval;  however,  potassium  levels  are  not  always  a  direct 
correlation  to  QTc  length  [7].  Reduced  ion  pump  activity  can 
prolong  repolarization  and  impair  conduction,  producing  car¬ 
diac  dysfunction  similar  to  diffuse  ischemia  from  other  causes. 
This  mechanism  may  account  for  the  ECG  changes  we  ob¬ 
served  during  the  experiment  [4].  As  in  our  study,  Aberra  [8] 
reported  PR  prolongation  in  an  in  vitro  isolated  rat  heart  model 


with  acidosis,  resulting  in  similar  finding  as  our  study.  How¬ 
ever,  the  model  was  exposed  to  a  pH  of  6.5  which  is  much 
lower  than  the  lowest  serum  pH,  in  our  study,  which  was  of 
7.2.  In  addition,  in  Aberra’s  acidotic  in  vitro  rat  model, 
changes  in  QT  interval,  ST  change,  and  QRS  interval  did  not 
significantly  change.  Morena  [9]  evaluated  an  in  vitro  porcine 
heart  model  with  severe  acidosis  (pH  6.8),  hyperkalemia  (up 
to  10  meq/L),  hypoglycemia,  and  hypoxia  and  reported  that 
ECG  electrical  changes  were  not  directly  related  to  metabolic 
changes  alone,  which  is  congruent  with  our  assumption  that 
cyanide  induced  most  of  the  ECG  changes  we  detected. 

Our  findings  are  similar  to  a  previous  retrospective  study 
of  human  cyanide  toxicity  cases  by  Fortin  et  al  [4].  who  also 
documented  cardiac  dysfunction  including  rhythm,  repolar¬ 
ization,  and  conduction  disorders.  However,  SVT  was  more 
prevalent  in  their  retrospective  review,  whereas  we  more 
commonly  detected  sinus  tachycardia.  In  addition,  Fortin 
did  not  report  rhythms  detected  before  hypotension  or 
cardiac  arrest,  and  the  authors  did  not  report  other  ECG 
intervals.  We  reported  correlation  between  observed  ECG 
effects  and  time  of  exposure,  cyanide  dose,  and  cardio¬ 
vascular  effects. 
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3 .  ST  segment  elevation  over  time 


C.  PR  segment  interval  length  over  time 


PR  interval  over  time 


155 


Baseline  5  10  15  20  25  30  HypoTN 

Cyanide  Infusion  Time  (min) 


b.  Pulse  rate  overtime 

Pulse  rate  over  time 


115 


Baseline  5  10  15  20  25  30  HypoTN 


Cyanide  Infusion  Time  (min) 


C| .  QTc  segment  interval  length  over  time 


Baseline  5  10  15  20  25  30  HypoTN 

Cyanide  Infusion  Time  (min) 


Fig.  2  Graphs  of  electrocardiographic  findings  found  to  be  significandy  segment  elevation  over  time,  b  Pulse  rate  over  time,  c  PR  segment  interval 

different  between  baseline  and  hypotension.  Cyanide  inliision  was  initiated  length  over  time,  d  QTc  segment  interval  length  over  time 

at  baseline.  HypoTN  hypotension,  min  minute,  mm  millimeter,  a  ST 


Limitations 

There  are  several  limitations  to  this  animal  study.  An  animal 
model  does  not  exactly  replicate  human  toxicity  or  response. 
However,  the  swine  model  has  been  used  successfully  in 
previous  investigations  of  cyanide  toxicity  and  most  closely 
models  human  cardiovascular  anatomy  and  physiology  [10, 
11].  Also,  the  standard  computer  measurements  provided  in 
the  measurements  matrix  were  inaccurate  on  some  ECGs. 
We  reviewed  every  ECG  manually  and  reconciled  discrep¬ 
ancies  between  researcher  and  computer  interpretations. 
Another  limitation  was  the  use  of  intravenous  cyanide  rather 


than  the  more  common  inhalational  exposure.  Both  routes 
provide  rapid  toxicity,  but  intravenous  delivery  ensured  a 
more  controlled  exposure  to  the  animals,  while  minimizing 
the  risk  to  research  staff  from  undetected  leaks  in  the  ven¬ 
tilation  system  [12,  13].  We  minimized  this  limitation  by 
establishing  a  clinical  end  point  of  severe  hypotension  and 
ensuring  that  toxic  levels  similar  to  those  observed  in 
humans  were  achieved  [5].  We  have  used  potassium  cyanide 
for  this  and  our  previous  study;  however,  the  potassium 
infused  is  small,  approximately  1  mEq  of  potassium  infused 
over  30  min.  Finally,  we  did  not  correlate  serum  cyanide 
levels  with  specific  ECG  abnormalities,  although  this  would 


Table  2  Comparison  of  ECG 
findings  between  baseline  and 
30  min  of  cyanide  infusion 
that  were  observed  to  be  statisti 
cally  different  during  infusion 


ECG  electrocardiogram,  mg/kg 
milligram  per  kilogram 


ECG  change 

Baseline 

Cyanide  infusion  (30  min) 
(mean  of  4.8  mg/kg) 

Percentage  change 

Pulse  rate  (beats/min) 

86 

98 

14 

QRS  axis  (°) 

18 

11 

62 

T  wave  axis  (°) 

62 

76 

24 

PR  interval  (ms) 

127 

149 

17 

QTc  interval  (ms) 

446 

399 

11 
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not  change  current  clinical  practice  without  a  common  and 
rapid  method  of  measuring  cyanide  levels.  Nevertheless,  we 
did  correlate  ECG  findings  with  cyanide  dose  infused. 

Conclusion 

In  our  swine  study,  we  detected  ST  segment  deviations  occur¬ 
ring  just  before  the  onset  of  cyanide-induced  hypotension. 
Leads  V3  and  V4  were  most  affected  by  ST  elevation,  but  we 
also  detected  electrocardiographic  ST  elevation  inferiorly. 
Shortening  of  the  QTc  and  lengthening  of  the  PR  interval  were 
also  detected  before  hypotension. 
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